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Abstract: Among the oldest marine species on the planet, the genus Salinispora is often encountered
inhabiting sediments and other marine creatures in tropical and subtropical marine settings. This
bacterial genus produces a plethora of natural products. The purpose of this study was to examine
the potential for salinispora-based natural products (NPs) to combat the SARS-CoV-2 virus. The
RCSB PDB was used to obtain the crystal structures of proteins 3CLpro and PLpro. All 125 NPs
were obtained from online databases. Using Autodock Vina software v1.2.0 the molecular docking
process was carried out after the proteins and ligands were prepared. Assessments of binding
affinities and interacting amino acids were rigorously examined prior to MD simulations. The
docking experiments revealed 35 NPs in total for both 3CLpro and PLpro, with high docking scores
ranging from −8.0 kcal/mol to −9.0 kcal/mol. However, a thorough binding residue analyses of
all docked complexes filtered nine NPs showing strong interactions with HIS: 41 and CYS: 145 of
3CLpro. Whereas, for PLpro, merely six NPs presented good interactions with residues CYS: 111,
HIS: 272, and ASP: 286. Further research was conducted on residue–residue and ligand–residue
interactions in both the filtered docked complexes and the Apo-protein structures using the Protein
Contacts Atlas website. All complexes were found to be stable in CABS-flex 2.0 MD simulations
conducted at various time frames (50, 125, 500, and 1000 cycles). In conclusion, salinaphthoquinone B
appears to be the most promising metabolite, based on favorable amino acid interactions forming
stable confirmations towards 3CLpro and PLpro enzymes, acting as a dual inhibitor.

Keywords: Salinispora; natural products; marine drugs; repurposing; antiviral; Mpro; 3CLpro; PLpro;
SARS-CoV-2; S. arenicola; S. pacifica; S. tropica

1. Introduction

A worldwide health crisis has been sparked by SARS-CoV-2, which causes severe
acute respiratory syndrome [1,2]. SARS-CoV-2 was discovered for the first time in
Wuhan City in China in December 2019, and it traveled rapidly around the world [3–5].
The pandemic has now been ongoing for over three years, and the majority of people
have either succeeded in getting a SARS-CoV-2 vaccine or have already contracted
the virus. Roughly 7.0 million people have died as a consequence of the estimated
771.5 million COVID-19 infections as of October 2023 all around the globe, as reported
by the WHO coronavirus dashboard. The vulnerability of the public health and medical
care systems in numerous countries has indeed been unmasked by the COVID-19
pandemic [6]. The SARS-CoV-2 3C-like protease (3CLpro/Mpro/nsp5) and the papain-
like protease (nsp3) play an essential role in viral gene replication, transcription, and
expression [7–10]. The viral polyproteins are processed synergistically by both PLpro and
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Mpro enzymes. Amongst SARS-CoV and SARS-CoV-2, Mpro and PLpro demonstrated
strong sequence similarities of 86% and 96% [11,12], indicating their significance as
cogent drug targets. This explains the rising trend of researchers choosing to develop
targeted therapies against coronaviruses using the 3C-like and papain-like proteases as
primary targets.

Discovering effective antiCOVID-19 treatments is continuously necessary due to
the risk presented by the emergence of additional variants featuring higher virulence
as well as the increased incidence of viral resistance to approved treatments [13]. Ever
since the COVID-19 pandemic began, numerous computational and clinical experimen-
tations have been carried out to reposition various drugs to restrict 3CLpro and PLpro

activities as possible therapeutic options [14,15]. Among the repositioned pharmaceu-
tical medicines, remdesivir, danoprevir, darunavir, oseltamivir, lopinavir, umifenovir,
ritonavir, favipiravir [16,17], and riamilovir [18] have already been encouraged for thera-
peutic applications for COVID-19 treatments. The Food and Drug Administration (FDA,
USA) recently, in 2022, officially authorized the use of a ritonavir and nirmatrelvir com-
bination (Paxlovid) in case of emergency as a SARS-CoV-2 medication [19,20]. Moreover,
several antiviral compounds, recombinant soluble angiotensin-converting enzyme 2
(ACE2), monoclonal antibodies, vaccinations, corticosteroids, interferon therapies, and
herbal remedies are among the several possible therapeutic agents to combat COVID-19.
Furthermore, numerous vaccine candidates are being developed, some of which are
presently undergoing various stages of clinical trials, thanks to our growing understand-
ing of the structure and infection processes of SARS-CoV-2 [21]. Vaccines are just a
preventive measure and even today there is no definite cure for COVID-19. In addition,
there may be negative side effects to these aforementioned therapeutic strategies. Conse-
quently, it is imperative to continue searching for relatively safer therapeutic molecules
to treat COVID-19.

In our work, we focus on the discovery of natural compounds with required an-
tiviral activities as they could be less sensitive to virus variant mutations. Natural
products (NPs) from plants and of marine origin have long been thought to be a major
source of therapeutic substances. Plant-based natural products have proven effective
in inhibiting a variety of viral proteins and, in fact, exhibit strong antiviral proper-
ties [22,23]. Secondary metabolites from marine organisms are well known as crucial
natural product sources that can be used in the fight against COVID-19 [24,25]. The
marine ecosystem is a reservoir of naturally occurring substances called marine natural
products (MNPs) that are highly distinct and physiologically potent [26,27]. Evalua-
tions on the antimicrobial activities of MNPs against numerous diseases have already
been explored [28,29]. Examples include the significant in vitro actions against the
3C-like protease that natural products of marine origin demonstrated [30,31]. Recently,
chetomin was identified as a potential inhibitor of 3CLpro in an in silico study [32].
However, a thorough investigation of MNPs’ prospects as inhibitors of SARS-CoV-2
main protease has not yet been fully accomplished.

The goal of this study was to evaluate whether natural products from the genus
Salinispora might be used as 3CLpro and PLpro inhibitors by conducting an in silico
assessment (see Figure 1). Pre-screening against the 3CLpro and PLpro proteins using a
built library made up of NPs from various marine sources revealed Salinispora metabo-
lites that showed strong affinities and advantageous residue interactions. Additionally,
the low molecular weight and established antimicrobial properties [33–38] of Salinis-
pora metabolites were the main reasons for their selection to conduct this work. Small
molecules in general are perceived as potentially effective protease inhibitors, especially
in the instance of 3CLpro protein [39]. Out of 125 NPs, this study identified a select
few NPs by placing more emphasis on the amino acid interactions rather than just the
docking scores. This is because there is no assurance that high docking scores equate to
therapeutic effectiveness [40,41].
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This paper, probably for the first time, has proposed an initiative for Salinispora NPs
to be conceived as repurposed prospective SARS-CoV-2 protease inhibitor candidates.
In the end, an evaluation of the toxicity and pharmacokinetic properties of filtered NPs
was performed. Though it is early to discuss marine bacterial genus Salinispora-based
medications for the current treatment module of COVID-19, overall, this study may provide
a solid basis for further experimental study in this area.
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2. Materials and Methods
2.1. Protein Retrieval

The most well-known and extensively researched COVID-19 proteins were investi-
gated and learned about through published works. The crystal structures of the SARS-
CoV-2 proteases, as characterized by X-ray diffraction, were located using the RCSB PDB
database [42]. For this work, the 3D structure of the main protease (Mpro/3CLpro), also
referred to as 3C-like protease (PDB ID: 6M2N), resolved at 2.20 Å was used [43]. Similarly,
the 3D structure of the enzyme known as PLpro, or papain-like protease, resolved at 1.93 Å
was considered (PDB ID: 7JN2) [44].

2.2. Ligand Retrieval

Through a comprehensive literature study, knowledge of NPs from the genus Sali-
nospora was explored. Salinispora, a genus of marine actinomycete, has three species,
including S. arenicola, S. pacifica, and S. tropica, according to a literature search [45–103]. The
species S. arenicola consists of 84 natural products, whereas S. pacifica consists of 36 natural
products. On the other hand, S. tropica consists of 34 natural products after excluding
the common ones (refer to Table S1). The genus Salinispora consists of around 125 unique
natural products to date [104]. A thorough database search was conducted to discover all
of the ligands’ 2D and/or 3D conformers. First, SDF chemically formatted 3D conformers
of ligands were obtained from the PubChem database [105]. In the scenario where 3D
structures were unattainable, 2D conformers were retrieved. The ligands that did not
appear in the PubChem database were acquired from a secondary source, the ChemSpider



Microbiol. Res. 2023, 14 1910

database. The ligands were retrieved in the Mol chemical format from the ChemSpider
database [106]. We succeeded in obtaining all 125 NPs.

2.3. Visualization Software

The protein structures of 3CLpro and PLpro were viewed and explored using BIOVIA
Discovery Studio Visualizer 4.5 and PyMOL 2.5.5 [107,108]. Our knowledge of the number
of HETATM groups and amino acid chains was obtained from these tools. As opposed to
that, the ligands were visualized using Avogadro software v. 1.95 [109,110].

2.4. Docking Preparations

It was essential to make the proteins and ligands ready for the docking procedure.
Using the information gathered during the visualization process, BIOVIA Discovery Studio
Visualizer was used to produce both target proteins. In contrast to the PLpro protein, which
only had one amino acid chain A, the 3CLpro protein contained amino acid chains A,
B, C, and D. Both proteins demonstrated the existence of ligand groups, HETATM, and
water molecules. Thus, undesired molecules and amino acid chains other than the ligand
groups were eliminated from 3D structures. In this investigation, only chain A from both
proteins was considered. In addition, hydrogen atoms were inserted, energy reduction
was carried out, and Swiss-pdb viewer application [111] was applied to possibly repair the
disrupted amino acid chain. After the energy minimization operation, the ligand groups
were knocked out to preserve the active site from collapsing. Additionally, these structures
were exported in the Swiss-pdb viewer’s protein data bank format before being converted
using Autodock tools, a feature of MGL tools, to the needful PDBQT format [112].

The Avogadro software (version 1.95) was employed for the preparation of 2D and 3D
conformers of all molecules. Avogadro was initially employed to access the 2D structures
and then to produce the 3D coordinates necessary to convert the ligands to 3D. All 2D
structures were thus transformed into 3D conformers and saved. When all 125 ligands
were in 3D format, geometry optimization and energy minimization were carried out on
each of them individually. All molecules obtained in PDB chemical format were changed to
PDBQT using auto dock tools by adding Gasteiger charges required for molecular docking.

2.5. Docking Validation

Both 3CLpro and PLpro crystallographic structures included their respective inhibitors
attached by default. 5, 6, and 7-trihydroxy-2-phenyl-4H-chromen-4-one (ID—3WL), a novel
inhibitor, was bound to the active site of 3CLpro. Similar to 3CLpro, the active site of PLpro

had 3-amino-2-methyl-N-[(1R)-1-(naphthalen-1-yl) ethyl] benzamide (ID—Y41) attached.
For the reliability of any docking outcomes, it is important to validate the docking procedure.
For the validation process, the default inhibitors attached to the crystals were re-docked in
the same pockets (active sites) of the respective proteins. The original crystal structures were
then superimposed with the re-docked structures to perform this verification step (refer
to Figure 2). The binding affinities of inhibitors and the RMSD values for superimposed
complexes were accessed using the BIOVIA Discovery studio visualizer program.
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Figure 2. Docking validation: (A) (1) 3CLpro crystal with a re-docked inhibitor in the catalytic site,
(2) superimposed 3CLpro crystals with re-docked and attached inhibitor, (3) original 3CLpro crystal
with an attached inhibitor in the catalytic site (PDB ID: 6M2N). (B) (1) Original PLpro crystal (PDB ID:
7JN2) with an attached inhibitor in the active site, (2) superimposed PLpro crystals with re-docked
and attached inhibitor, (3) PLpro crystal with a re-docked inhibitor in the active site. Re-docking
experiments for the proteins 3CLpro and PLpro indicate the level of accuracy of the docking protocol
used in the study.

2.6. Molecular Docking

The molecular docking process was carried out by using a recent Autodock Vina
1.2.0 release [113,114]. The grid box was constructed and placed using knowledge of the
essential amino acids for 3CLpro and PLpro, as well as the known functional site. One
hundred and twenty-five ligands were individually docked once the program first opened
the 3CLpro protein file in PDBQT format. The 3CLpro cavity’s volume was 1386 Å3, whereas
the PLpro protein’s active site volume was 1280 Å3. For the 3CLpro protein, the grid box
was placed on the active site at X = −34 Å, Y = −67 Å, Z = 41 Å, and for the PLpro protein,
it was fixed at X = 47 Å, Y = 32 Å, Z = 2 Å. All 125 ligands were also finally docked with
PLpro. All molecules were kept flexible, while both enzymes were maintained rigid. The
docking protocol was carried out three times in order to assure accuracy. The docking
process provided us with upto 30 binding conformations and the docking scores for each
of the 125 ligands with the 3CLpro and PLpro proteins.

2.6.1. Binding Affinity and Residue Analyses

We made sure to convey the docking calculation results in this paper in an under-
standable manner. On the basis of the determined values for binding affinity, three main
categories—low, moderate, and high—were used to group the data that are shown in
Sections 3.1.2 and 3.2.2. The moderate category was further split into lower-moderate
and upper-moderate divisions. The resulting 250 protein–ligand complexes were explored
for binding and non-binding residue analyses. BIOVIA Discovery Studio Visualizer 4.5
and PyMOL 2.5.5 assisted in revealing all the residues involved by providing us with the
necessary 2D and 3D interaction maps.
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2.6.2. Selection of Best Interaction Complexes, 3CLpro and PLpro

Determining whether the ligands are effective at suppressing the activity of target
proteins requires a thorough understanding of the interacting residues. The inhibitory
potential of ligands must not be solely correlated with high binding affinities.

The complexes were filtered based on the following selection criteria:

1. The ligand interacted with critical catalytic amino acids;
2. The ligand made one or more hydrogen bond (RMSD Å ≤ 3.00);
3. The ligand interacted with at least one of the catalytic amino acids to generate electro-

static connections;
4. The predetermined threshold RMSD cutoff distance (Å ≤ 5.00) for electrostatic bond-

ing was not exceeded.

The complexes were rejected based on the criteria stated below:

1. No interactions with crucial catalytic residues;
2. No hydrogen bonds associated with key residues;
3. Only hydrophobic interactions (VdW forces) occurred;
4. Exceeded the maximum predetermined RMSD cutoff distance threshold for electro-

static associations (Å ≥ 5.00).

2.6.3. Residue–Residue and Ligand–Residue Contact Analyses

Utilizing the Protein Contact Atlas website [115], further investigation of residue
interactions was carried out for both the Apo-protein structures (energy minimized) and
the candidate docked protein complexes. The interactions formed between the ligands
and the catalytic amino acids of the proteins in the case of docked complexes were evident
through the asteroid plots, and ligand residue matrices provided insights into the number
of contacts formed. Contrarily, for the Apo structures, chord plots emphasized relationships
at the secondary structure level, while asteroid plots revealed the inter-residue relationships
among the critical amino acids present in the catalytic sites of both proteins.

2.7. Molecular Dynamics Simulation

For the Apo-proteins (no ligands attached) and protein–ligand complexes of 3CLpro

and PLpro, molecular dynamics simulations were carried out using the CABS-flex 2.0 web-
site [116]. The CABS-flex 2.0 tool illustrates excellent agreement with NMR spectroscopic
data on protein flexibility and is very useful for fast simulations of protein residue flexibility
evaluations. PDB files for the shortlisted complexes were provided to the webserver. The
simulations for the complexes that made the short list were run at different simulation
periods, such as 50, 125, 500, and 1000 cycles, with the default values for simulation temper-
atures and random number generator seed offered by the server. The RMSF charts for the
indicated three distinct run periods were essential for assessing the stability of the docked
complexes overtime.

2.8. Toxicity Profile Evaluation

ProTox II and StopTox web servers were used to determine the probable toxicity of
leading ligands [117,118]. By promptly estimating the hazardous potential of ligands in
an internet-based setting, ProTox-II reduces the need for in vivo testing involving animals.
This server offered information on the lethal dose concentrations (mg/kg body weight),
toxicity level classification, and toxicity endpoints. A simple-to-operate online application
called StopTox provided quick and accurate estimates of the likelihood that ligands may or
may not cause acute toxicity.
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2.9. Pharmacokinetics Evaluation

On the Swiss-ADME system [119], the drug-like characteristics of our chosen NPs
were investigated using their respective canonical SMILES (see Table S2). Applying the
Lipinski framework (Ro5 criteria), proposed by Christopher A. Lipinski, on our candidate
NPs was the first phase in the process. The molecular weight, the consensus logP-value, the
hydrogen bond donors, and the acceptors were among these criteria. To enhance further
the precision of our prediction, the TPSA and rotatable bond parameter were applied
to determine the likelihood that the ligand would be orally potent. The bioavailability,
solubility, and likelihood of GI absorption were noted in the second phase. A basic and
straightforward mathematical formula was applied to calculate an absorption percentage
value in order to correctly predict GI absorption [120–122].

AB% = 109− (0.345× TPSA) (1)

The ability of NPs to penetrate cells and the blood–brain barrier was also examined
using the boiled egg diagram provided to us by the Swiss-ADME analysis. Additionally,
having an average precision of approximately 95%, the PASSonline program allowed us
to predict the bioactivity spectra for our chosen NPs based on their respective structural
formulae. On this platform, the predictions are made on the basis of the information stored
for over 300,000 organic compounds [123].

3. Results and Discussion

The surface morphology of the ligand binding pocket and the positioning of the
residues in the said active site need to be specifically examined when evaluating the
bioactivities of target proteins for a rational structure-based drug design.

3.1. SARS-CoV-2 Main Protease Protein (3CLpro/Mpro)
3.1.1. 3CLpro Enzyme Structure and Residue–Residue Interactions in Active Site

The ORF1a-encodes 3-chymotrypsin-like protease (3CLpro/Nsp5) assists in the cleav-
age of pp1ab through eleven conserved splicing sites. 3CLpro is a prime pharmacolog-
ical target because it has three times as many proteolytic cleavage sites compared with
PLpro [124]. About 306 residues make up the 3CLpro protein. One polypeptide is all that
is present in the asymmetric unit. Nevertheless, a dimer is created upon the association
of protomers A and B. Three domains make up each protomer. The first domain (amino
acids 8–101) and the second domain (amino acids 102–184) have antiparallel beta-barrel
structures. Five alpha-helices are organized into a globular cluster in the third domain
(amino acids 201–303), which is linked to the second domain by an elongated loop region
(amino acids 185–200) [125,126].

The Apo structure of the 3CLpro chain A was selected for molecular docking and
simulation experiments. The RMSF values for HIS: 41 (Å = 1.09) and CYS: 145 (Å = 1.43)
were reported by the simulation results for the Apo structure in Figure 3A.
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Figure 3. In-depth 3CLpro analyses. (A) Three-dimensional Apo structure of 3CLpro with the active
site and CABS-flex RMSF plot. Protein contact atlas output (B) shows chain A selected for analysis.
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plots depicting residue contacts with HIS: 41 and CYS: 145. The atomic scale interaction number
percentage is represented by the circumference of the sphere. Residues are colored differently
according to their respective secondary structures (from cyan blue to magenta high).

The tertiary structure, and consequently the function of the 3CLpro protein, are most
likely determined by the orientation of interactions among the various secondary structural
components. In Figure 3C, all non-covalent connections at the secondary structure levels are
presented in the form of chord plots. Residue HIS: 41, which forms 52 atomic interactions
with its immediate neighbors, is located in region S3_3 (colored red), presented as the outer
edge of the chord plot. Amino acid CYS: 145, which is situated at the S11_11 region on the
chord plot’s edge, is presented in a bright purple color. A total of 49 atomic connections are
made by CYS: 145 with its immediate neighbors. These connections among the secondary
structures are depicted as chords and each chord’s thickness depends on the total number
of atomic connections among the residues. The plot depicting loops shows regions L5 and
L13 that comprise HIS: 41 and CYS: 145 residues, correspondingly. The associations among
the secondary structures indicate a strong correlation.

The inter-residue interactions within chain A (see Figure 3B) of protein are indicated
by the asteroid plots made for the active site residues of the 3CLpro Apo structure (see
Figure 3D). A direct non-covalent relationship (the inner shell) between residue HIS: 41 and
residues L27, P39, R40, V42, I43, C44, Y54, C145, and H164 is shown in the first plot.
Similarly, in the case of CYS: 145, the direct connections are made with nine residues such
as L27, N28, H41, G143, S144, G146, S147, H163, and H164. The outer shell of these plots
represents indirect non-covalent contacts. Residues L27 and H164 share a direct link with
both H41 and C145. Therefore, alterations to L27 and H164 may have a direct impact on
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ligand binding, whereas mutations to outer-shell residues may have an indirect impact on
ligand binding.

3.1.2. 3CLpro Docking

Presented below in Table 1 are all the 125 NPs docked with the 3CLpro protein and
categorized by their docking scores.

Table 1. Depicting the range of binding affinities obtained for the target 3CLpro.

Docking Scores of All 125 Ligands for 3CLpro

Low Values Moderate Values High Values

−4 to −5.9 kcal/mol −6 to −6.9 kcal/mol −7 to −7.9 kcal/mol −8 kcal/mol and More

Antiprotealide Arenamide C Arenamide A Arenamide B
Cyclomarin D Arenicolide A Arenicolide C Arenimycin A
Lomaiviticin A Arenicolide B BE-43547A1 Arenimycin C

N-(3-Oxodecanoyl)-L-homoserine
lactone Arenimycin B BE-43547A2 Arenimycin D

N-(3-oxododecanoyl)-L-homoserine
lactone Bromosalinosporamide Cyanosporaside A Cyanosporaside F

N-(2′-phenylethyl)isobutyramide Cyclomarazine A Cyanosporaside B Cycloaspeptide A
N-(2′-phenylethyl)isovaleramide Cyclomarin A Cyanosporaside C Desferrioxamine E

2-methyl-N-(2′-
phenylethyl)butyramide Cyclomarin C Cyanosporaside D Ikarugamycin

Retimycin A Desferrioxamine B Cyanosporaside E Lovastatin
Rifamycin B Emericellamide A Cyclomarazine B Neolymphostin D

Rifamycin SW Isopimara-8,15-dien-19-ol Emericellamide B Rifsaliniketal
Sal-GBL1 Isopimara-8,15-diene Enterocin Rifamycin O
Sal-GBL2 Lomaiviticin C Homoseongomycin Salinaphthoquinone B

Salinilactone A Lomaiviticin E Lomaiviticin B Salinaphthoquinone C
Salinilactone B Mycalamide A Lomaiviticin D Salinaphthoquinone D
Salinilactone C Pacificanone A Lymphostin Saliniquinone A
Salinilactone D Pacificanone B Lymphostinol Saliniquinone B
Salinilactone E Salinaphthoquinone A Neolymphostin A Saliniquinone C
Salinilactone F Salinichelin C Neolymphostin B Saliniquinone D
Salinilactone G Saliniketal B Neolymphostin C Saliniquinone F
Salinilactone H Salinipostin E Neolymphostinol A Salinisporamycin

Salinipostin A Salinipyrone A Neolymphostinol B 27-O-demethyl-25-O-
desacetylrifamycin SV

Salinipostin B Salinipyrone B Neolymphostinol C
Salinipostin C Salinosporamide A Neolymphostinol D
Salinipostin D Salinosporamide B Rifamycin S
Salinipostin F Salinosporamide C Rifamycin W
Salinipostin G Salinosporamide E Salinaphthoquinone E
Salinipostin H Salinosporamide F Salinichelin A
Salinipostin I Salinosporamide G Salinichelin B
Salinipostin J Salinosporamide H Saliniketal A
Salinipostin K Salinosporamide I Salinilactam

Salinosporamide J Saliniquinone E
Salinosporamide K Salinosporamide D

Sporolide A
Sporolide B

Staurosporine
Sioxanthin

Tirandalydigin
27-O-demethylrifamycin SV
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Category 1 of Table 1 indicates that 31 NPs showed low docking scores in the range of
−4.0 and −5.9 kcal/mol (refer to Table S3). In this category, 2-methyl-N-(2′-phenylethyl)
butyramide, rifamycin B, sal-GBL1, and salinipostin K showed the highest docking values
of −5.9 kcal/mol. On the other hand, salinilactone B, D, and F showed the lowest scores,
ranging from −4.7 to −4.9 kcal/mol. The category 2 section comprises 33 ligands that
showed lower-moderate docking, ranging from−6 to−6.9 kcal/mol (see Table S4). Ligands
such as arenamide C, arenicolide B, arenimycin B, emericellamide A, and isopimara-8, 15-
diene showed the highest affinity scores. However, lomaiviticin E and salinipostin E
indicated the lowest docking score at −6.0 kcal/mol. The 39 NPs in the upper-moderate
class had docking scores between −7.0 and −7.9 kcal/mol (refer to Table S5). The highest
affinity scores were demonstrated by neolymphostin B and rifamycin S at −7.9 kcal/mol.
Saliniketal A, salinosporamide D, and sporolide A, on the other hand, displayed docking
values of −7.0 kcal/mol. Last but not least, the 22 NPs in category 3 (see Table S6) had
strong affinity values that exceeded −8.0 kcal/mol towards the 3CLpro enzyme. The
lowest binding energies for ikarugamycin and arenimycin D were −9.0 and −8.7 kcal/mol,
respectively. The remaining 20 NPs, however, had docking scores that varied between −8.0
and −8.5 kcal/mol. The binding affinities in the re-docking experiment of 3CLpro obtained
−8.0 kcal/mol for ligand 3WL, with the RMSD value 0.86 Å for superimposed structures
(see Figure 2A).

3.1.3. Best Amino Acid Interaction Complexes, 3CLpro

Residue HIS: 41 is crucial for residue CYS: 145 to deprotonate in order for it to target
the glutamine backbone at the P1 location of the peptide substrate. The involvement
of this catalytic dyad residue in the protease activity of 3CLpro was found to be highly
significant when researchers carried out alanine substitutions to eliminate the side chains
of HIS: 41 and CYS: 145 [127]. Based on this knowledge, we used the aforementioned
screening criteria (in Section 2.6.2) to select docked complexes that showed favorable
amino acid interactions with the challenging catalytic dyad. In Figure 2A, docking
validation revealed residue interactions that were very comparable to those in the original
protein crystal structure (PDB ID 6M2N). This indicates that a high degree of ligand
binding mode similarity was obtained in the re-docking experiment, demonstrating the
accuracy of the docking procedure. Independent of their binding affinities, 9 out of
125 docked complexes were ultimately chosen as the optimum complexes for 3CLpro (See
Figure 4 and Table 2).
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Table 2. NPs showing desired residue interactions for 3CLpro protein.

Top Ligands Residue Interactions

Bromosalinosporamide HIS41 CYS44 MET49 TYR54 ASN142 CYS145 HIS164 MET165
GLU166 PRO168 ASP187 ARG188 GLN189

Lymphostin THR25 THR26 LEU27 HIS41 CYS44 MET49 PHE140 LEU141
ASN142 GLY143 SER144 CYS145 HIS163 HIS164 MET165 GLU166

Neolymphostinol B
HIS41 CYS44 MET49 LEU141 ASN142 GLY143 SER144 CYS145
HIS163 HIS164 MET165 GLU166 ASP187 ARG188 GLN189 THR190
GLN192

Salinaphthoquinone B HIS41 MET49 ASN142 GLY143 CYS145 HIS163 MET165 GLU166
LEU167 PRO168 ASP187 ARG188 GLN189 THR 190 GLN 192

Salinaphthoquinone E HIS41 MET49 ASN142 GLY143 CYS145 HIS163 MET165 GLU166
ARG188 GLN189

Salinipostin A THR25 HIS41 CYS44 MET49 ASN142 CYS145 HIS164 MET165
GLU166 LEU167 PRO168 ASP187 ARG188 GLN189 THR190

Saliniquinone F
HIS41 CYS44 MET49 TYR54 ASN142 CYS145 HIS164 MET165
GLU166 PRO168 ASP187 ARG188 GLN189 THR190 ALA191
GLN192

Salinosporamide C THR25 HIS41 CYS44 MET49 ASN142 CYS145 HIS164 MET165
ASP187 ARG188 GLN189

Salinosporamide I THR25 HIS41 CYS44 MET49 CYS145 HIS164 MET165 GLU166
LEU167 PRO168 ASP187 ARG188 GLN189 GLN192

The interactions between amino acids that supposedly occurred during the formation
of the complex with the 3CLpro enzyme are shown in the table below.

Bromosalinosporamide formed an H bond (2.84 Å) and a pi-alkyl bond (4.05 Å)
with HIS: 41 and CYS: 145, respectively. Lymphostin formed three pi-cation and one
hydrogen bond with HIS: 41 (2.46 Å), and with CYS: 145 it formed a pi-alkyl bond (4.89 Å).
Neolymphostinol B formed two pi-cation bonds (2.23 Å and 2.24 Å) with HIS: 41, whereas
for CYS: 145 it formed two bonds: a pi-pi stacked bond (4.89 Å) and a hydrogen bond
(2.46 Å). Salinaphthoquinone B formed two hydrogen (2.53 Å and 2.93 Å) and one alkyl
bond (4.92 Å) with CYS: 145, and with HIS: 41 it formed a single pi-alkyl bond (4.23 Å),
along with a carbon–hydrogen bond (3.51 Å). Similarly, salinaphthoquinone E formed a
single pi-alkyl (4.36 Å) and carbon–hydrogen bond (3.59 Å) with HIS: 41, and in the case
of CYS: 145, two hydrogen bonds (2.72 Å and 2.85 Å) and one alkyl bond (4.28 Å) were
formed. In the case of salinipostin A, a pi-cation (4.11 Å) and a pi-alkyl bond (4.55 Å)
were formed with HIS: 41, whereas a single hydrogen bond (2.71 Å) was made with CYS:
145. Saliniquinone F interacted with HIS: 41, making a pi-pi T stacked (4.64 Å) and a pi-
sigma bond (3.92 Å), whereas with CYS: 145 a single hydrogen bond (3.06 Å) was formed.
Salinosporamide C formed one hydrogen (2.18 Å) and two alkyl bonds (4.64 Å and 4.97 Å)
with HIS: 41, whereas CYS: 145 interacted with Vander Waals forces. Salinosporamide I
interacted with HIS: 41 and CYS: 145 by forming a single hydrogen (3.07 Å) and pi-alkyl
bond (4.00 Å), respectively. Lymphostin, neolymphostinol B, salinaphthoquinone B, and E
interacted weakly with HIS: 163 using Vander Waals forces (see Table 2 and Figure 5).
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 Figure 5. Two-dimensional amino acid interaction maps. (A) 3CLpro-bromosalinosporamide,
(B) 3CLpro-lymphostin, (C) 3CLpro-neolymphostinol B, (D) 3CLpro-salinaphthoquinone B, (E) 3CLpro-
salinaphthoquinone E, (F) 3CLpro-saliniposin A, (G) 3CLpro-saliniquinone F, (H) 3CLpro-
salinosporamide C, (I) 3CLpro-salinosporamide I.
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3.1.4. Ligand–Residue Non-Covalent Interactions for 3CLpro Complexes

The nine docked complexes selected after passing the rigorous selection criteria were
put through the Protein Contact Atlas webserver to gain an insight into the number of non-
covalent atomic associations formed between the ligands and the catalytic dyad residues
(refer to Figure 6).
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oquinone E, (F) 3CLpro-saliniposin A, (G) 3CLpro-saliniquinone F, (H) 3CLpro-salinosporamide C,
(I) 3CLpro-salinosporamide I. The atomic scale interaction number percentage is represented by the
circumference of the sphere. Residues are colored according to their respective secondary structures.
The atoms of the ligands are displayed as rows in the ligand residue matrices, and the residues
that are in contact with the ligand are displayed as columns. In the matrices, the number of atomic
associations has also been presented. The shades of grey (from light to dark) depend on the number
of atomic contacts made.

In the first case of bromosalinosporamide, carbon and oxygen atoms made direct
non-covalent associations with HIS: 41 by forming seven atomic connections. On the other
hand, indirect associations were made with CYS: 145, as the residue lay on the outer shell
of the asteroid plot (see Figure 6A).

In the second case, lymphostin associated in a direct manner with HIS: 41 residue by
forming 12 carbon atom contacts, 6 atomic contacts via nitrogen, and about 12 hydrogen
contacts. For CYS: 145 residue, the lymphostin made direct connections through carbon
and nitrogen atoms by forming five non-covalent links in total (see Figure 6B).

In the third case, neolymphostinol B interacted with the amino acid HIS: 41 through
direct non-covalent connections by forming four carbon, one hydrogen, and two nitrogen
links. In the case of CYS: 145, the atomic connections were made by the carbon, oxygen,
and hydrogen atoms of neolymphostinol B, forming a total of about eight contacts (see
Figure 6C).

In the fourth case, salinaphthoquinone B attached non-covalently to HIS: 41 through
the carbon atom, making three contacts, whereas the CYS: 145 was observed to be directly
associated with not only the carbon atom but also the oxygen and hydrogen atoms, forming
four atomic contacts in total (see Figure 6D).

In the fifth case, salinaphthoquinone E formed direct contacts with CYS: 145 residue
via carbon, oxygen, hydrogen, and nitrogen atoms by forming six atomic connections (see
Figure 6E).

In the sixth case, salinipostin A associated directly through non-covalent interac-
tions with both HIS: 41 and CYS: 145 residues via carbon and oxygen atoms by forming
14 contacts (see Figure 6F).

In the seventh case, saliniquinone F interacted with residue HIS: 41 and CYS: 145 with
carbon and hydrogen atoms by making three connections altogether (see Figure 6G).

In the eighth case, salinosporamide C strongly associated with amino acid HIS: 41 by
forming 22 atomic connections made via carbon, oxygen, hydrogen, and nitrogen atoms.
However, only a total of two atomic contacts were observed in the case of CYS: 145 residue,
formed by the carbon and oxygen atoms of the salinosporamide C molecule (see Figure 6H).

Finally, in the ninth case, salinosporamide I was found in direct non-covalent associ-
ation with HIS: 41 through carbon, oxygen, and chlorine atoms. A total of nine contacts
were witnessed (see Figure 6I).

3.1.5. Simulations for 3CLpro-Ligand Complexes

The aforementioned complexes underwent molecular dynamics simulations on the
CABS-flex 2.0 platform. This website may occasionally be utilized as an alternate simulation
option if researchers encounter technological challenges or limitations.

For two key reasons, the simulations for all nine docked complexes were run at 50, 125,
and 500 cycles. One reason was to monitor the degree of residue fluctuation as simulation
cycles proceeded for longer. The second reason was to contrast them with the results of
the RMSF plot generated by the 3CLpro Apo-protein simulation. The root mean square
fluctuation values for residues HIS: 41 and CYS: 145 were 1.09 Å and 1.43 Å, respectively
(see Figure 3A). When there was an overall reduction in the fluctuation scores of the
residues in a complex, it may be argued that a rather stable protein–ligand conformation
developed (see Figure 7)
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In the first case, the 3CLpro-bromosalinosporamide complex at 50 cycles showed
fluctuations of HIS: 41 and CYS: 145 to be 0.65 Å and 0.54 Å, correspondingly. At 125 cycles,
a rise in the fluctuation was witnessed for both residues. However, the RMSF value for HIS:
41 dropped and for CYS: 145 slightly increased at 500 cycles (see Figure 7A).

In the second case, the 3CLpro-lymphostin complex when simulated at 50 cycles
showed fluctuation scores of 0.63 Å for HIS: 41 and 1.08 Å for CYS: 145. Upon simu-
lating at 125 cycles, an upward trend in fluctuations for both residues was noticed, as
expected. Surprisingly, at 500 cycles there was a noteworthy decline in the RMSF values
(see Figure 7B).

In the third case, 3CLpro-neolymphostinol B at 50 cycles displayed RMSF scores for
HIS: 41 of 0.99Å and for CYS: 145 of 0.92 Å. Simulation at 125 and 500 cycles revealed that
there was a drop in the fluctuation of HIS: 41, whereas a considerable increment in the
RMSF score was evident in the case of CYS: 145 (see Figure 7C).

In the fourth case, 3CLpro-salinaphthoquinone B when simulated at 50 cycles demon-
strated fluctuation values of 0.87 Å and 1.01 Å for HIS: 41 and CYS: 145, respectively. Upon
performing simulations at 125 and 500 cycles, it was clearly evident that there were no
fluctuations. In this study, it was truly the most stable conformation-forming complex in
the case of 3CLpro (see Figure 7D).

In the fifth case, the 3CLpro-salinaphthoquinone E complex upon simulation obtained
RMSF values of HIS: 41 and CYS: 145 of 0.47 Å and 1.46 Å, correspondingly. Overall, a drop
in fluctuation was observed in further simulation runs at 125 and 500 cycles (see Figure 7E).

In the sixth case, 3CLpro-salinipostin A when subjected to simulation at a mere 50 cy-
cles, the value obtained for HIS: 41 was 1.09 Å, which was similar to the Apo-protein
simulation score. However, this was not the case for CYS: 145, as a fluctuation drop (1.18 Å)
was noticeable. Subsequently, the RMSF values showed both upward and downward
trends, but the reduction of overall fluctuation levels cannot be ignored (see Figure 7F).

In the seventh case, 3CLpro-saliniquinone F upon simulation at 50 cycles, the RMSF
score for HIS: 41 was 0.63 Å and for CYS: 145 it was 0.96 Å. Simulation at 125 cycles showed
that there was a slight increment in the fluctuation of HIS: 41. On the contrary, a sharp
decline was evident for the residue CYS: 145, and vice versa at a 500 cycle simulation (see
Figure 7G).

In the eighth case, the 3CLpro-salinosporamide C simulation depicted an RMSF value
of HIS: 41 of 0.41 Å and of CYS: 145 of 0.87 Å. The RMSF scores indicated a continuous rise
in fluctuations at 125 and 500 cycles (see Figure 7H).

Finally, for the ninth complex (3CLpro-salinosporamide I), the 50 cycle simulation
provided an RMSF score for HIS: 41 of 0.65 Å and 0.29 Å. Similar to the salinosporamide C,
we noticed a gradual upward trend in fluctuations as the simulation cycles were increased
(see Figure 7I).

The RMSF values for the catalytic dyad residues remained within 0 to 3 Å for all nine
docked complexes of 3CLpro. Also noteworthy is the fact that the RMSF values for the
nine complexes showed an overall significant reduction when compared with the values
obtained for the Apo structure of 3CLpro, potentially demonstrating the required stability
for protein inhibition.

3.2. SARS-CoV-2 Papain-Like Protease Protein (PLpro)
3.2.1. PLpro Enzyme Structure and Residue–Residue Interactions in Active Site

In the natural immunological response to viral infection, PLpro plays a vital role [128–130].
It can eliminate the ubiquitin and ISG15 from cellular proteins to assist the virus in dodging
the host’s natural immune response [131]. As a result, specific targeting of the catalytic
triad (CYS: 111, HIS: 272, and ASP: 286 of PLpro) can inhibit its activity, preventing the
viral replication and deregulation of biochemical cascades in infected cells. TRP: 93, TRP:
106, ASP: 108, and ASN: 109 are also known to contribute towards PLpro function [132].
The N-terminal ubiquitin-like region (Ubl, β1–3), the helical thumb domain (α2–7), the
finger region (β4–7), and the palm region (β8–13) are the four sub-regions that constitute
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the SARS-CoV-2 PLpro protein. Four conserved cysteines create a zinc finger, a component
of the “zinc ribbon” fold group 28, in the finger sub-region (C189 and C192 on the loop
within β4–5, C224 and C226 on the loop within β6–7) [44]. Figure 8A depicts the location of
the catalytic site and the simulation output for the PLpro Apo-protein structure. The PLpro

enzyme has no chains (refer to Figure 8B). The plots show root mean square fluctuation
values for CYS: 111 (Å = 1.50), HIS: 272 (Å = 1.66), and ASP: 286 (Å = 0.97), respectively.
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Figure 8C, the chord plots (including loops) show the location and the secondary structure 
relationship of the catalytic triad residues. The amino acid CYS: 111, with its immediate 
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Figure 8. In-depth PLpro analyses. (A) Three-dimensional Apo structure of PLpro with the active
site and CABS-flex RMSF plot. Protein Contact Atlas output (B) shows PLpro crystal structure as
presented on the webserver. (C) Chord plots depicting loops and secondary structure interactions
for PLpro enzyme. (D) Asteroid plots depicting residue contacts with CYS: 111, HIS: 272, and ASP:
286. The atomic scale interaction number percentage is represented by the circumference of the
sphere. Residues are colored according to their respective secondary structures (from cyan blue to
magenta high).

The sequence of connections between the various secondary structural components
most likely dictate the tertiary structure and, in turn, the function of the PLpro protein. In
Figure 8C, the chord plots (including loops) show the location and the secondary structure
relationship of the catalytic triad residues. The amino acid CYS: 111, with its immediate
neighbors, formed 52 contacts. The position of CYS: 111 was in region H4 of the chord
plot (colored as pastel green). The amino acid HIS: 272 situated at the S15_15 region on
the chord plot is presented in an apricot orange color. A total of 50 atomic connections
were made by HIS: 272 with its immediate neighbors. Finally, ASP: 286 formed 60 atomic
associations with immediate neighbors, positioned in the S16_16 region on the chord plot
and presented in a mustard yellow color. The associations among the secondary structures
in PLpro appear to be dense, which means there is a strong correlation among them.

The asteroid plots in Figure 8D illustrate the non-covalent connections that exist
between the three critical catalytic residues, CYS 111, HIS 272, and ASP 286. The first plot
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shows the direct relationships that the residue CYS: 111 formed with the amino acids N109,
N110, Y112, L113, A114, T115, H272, and Y273. Similarly, in the second plot, the amino acid
HIS: 272 is also shown to be directly connected to residues W106, C111, E263, Y264, T265,
G271, Y273, and D286 via non-covalent linkages. Finally, direct correlations between the
amino acids W106, A268, H272, K274, C284, I285, and L289 were seen in the plot generated
for residue ASP: 286. There was no direct association found between CYS: 111 and ASP:
286. The amino acid HIS: 272 might be acting as a link between the two residues of concern.
The residue Y273 formed direct non-covalent linkages with both C111 and H272 residues,
whereas residue W106 was found to be commonly linked between amino acids H272 and
D286. Thus, amino acids Y273 and W106 mutations may have a direct impact on the ligand
binding. On the other hand, altering the outer-shell residues might have an impact on
ligand binding, although indirectly.

3.2.2. PLpro Docking

Ligands docked with PLpro protein classified on the basis of affinity values are pre-
sented in Table 3.

Table 3. Depicting the range of binding affinities obtained for the target PLpro.

Docking Scores of all 125 Ligands for PLpro

Low Values Moderate Values High Values

−4 to −5.9 kcal/mol −6 to −6.9 kcal/mol −7 to −7.9 kcal/mol −8 kcal/mol and Above

Antiprotealide Arenamide A Arenimycin D Homoseongomycin
Arenamide C Arenamide B Cyclomarazine B Neolymphostin A
Arenicolide B Arenicolide A Ikarugamycin Neolymphostin B
Arenimycin B Arenicolide C Lymphostin Neolymphostin C

Bromosalinosporamide Arenimycin A Lymphostinol Neolymphostin D
Cyanosporaside A Arenimycin C Retimycin A Neolymphostinol A
Cyanosporaside C BE-43547A1 Salinipyrone A Neolymphostinol B
Cyanosporaside D BE-43547A2 Salinipyrone B Neolymphostinol C

Cyclomarin A Cyanosporaside B Saliniquinone C Neolymphostinol D
Cyclomarin C Cyanosporaside E Saliniquinone D Salinaphthoquinone D
Cyclomarin D Cyanosporaside F Saliniquinone F Saliniquinone B

Emericellamide A CycloaspeptideA Salinosporamide B Saliniquinone E
Enterocin Cyclomarazine A Staurosporine Salinisporamycin

Isopimara-8,15-diene Desferrioxamine B Tirandalydigin
Lomaiviticin A Desferrioxamine E
Lomaiviticin B Emericellamide B
Lomaiviticin C Isopimara-8,15-dien-19-ol
Lomaiviticin D Lovastatin
Lomaiviticin E N-(3-Oxodecanoyl)-L-homoserine lactone

Mycalamide A N-(3-oxododecanoyl)-L-homoserine
lactone

Pacificanone A N-(2′-phenylethyl)isobutyramide
Rifamycin SV N-(2′-phenylethyl)isovaleramide
Rifamycin W 2-methyl-N-(2′-phenylethyl)butyramide
Salinilactam Pacificanone B

Salinilactone A Rifsaliniketal
Salinilactone B Rifamycin B
Salinilactone D Rifamycin O
Salinilactone E Rifamycin S
Salinilactone F Sal-GBL1
Salinilactone G Sal-GBL2
Salinipostin C Salinaphthoquinone A
Salinipostin D Salinaphthoquinone B
Salinipostin F Salinaphthoquinone C
Salinipostin G Salinaphthoquinone E
Salinipostin H Salinichelin A
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Table 3. Cont.

Docking Scores of all 125 Ligands for PLpro

Low Values Moderate Values High Values

−4 to −5.9 kcal/mol −6 to −6.9 kcal/mol −7 to −7.9 kcal/mol −8 kcal/mol and Above

Salinipostin I Salinichelin B
Salinipostin K Salinichelin C

Salinisporamide C Saliniketal A
Salinisporamide E Saliniketal B
Salinisporamide F Salinilactone C
Salinisporamide I Salinilactone H

Sporolide A Salinipostin A
Sporolide B Salinipostin B
Sioxanthin Salinipostin E

27-O-demethylrifamycin SV Salinipostin J
27-O-demethyl-25-O-
desacetylrifamycin

SV
Saliniquinone A

Salinosporamide A
Salinosporamide D
Salinosporamide G
Salinosporamide H
Salinosporamide J
Salinosporamide K

In the instance of enzyme PLpro, category 1 had 46 NPs with low binding affinities that
ranged from −4.0 to −5.9 kcal/mol (see Table S7). About 12 NPs, including arenimycin
B, enterocin, salinilactone A, B, and G, salinipostin C, D, F, H, I, K, and salinosporamide
F, demonstrated binding affinity with an energy of −5.9 kcal/mol. However, sporolide
B exhibited the lowest binding affinity, measuring −4.4 kcal/mol. About 52 NPs with
moderately low binding affinities ranging from −6.0 to −6.9 kcal/mol are listed in cate-
gory 2 (refer to Table S8). A total of 8 NPs out of 52 revealed the highest binding affinity
of −6.9 kcal/mol. These NPs were arenicolide C, desferrioxamine B, N-(2′-phenylethyl)
isobutyramide, rifsaliniketal, salinaphthoquinone E, saliniquinone A, and saliniketal A and
B. Further, the NPs with moderately high binding affinities starting from −7.0 kcal/mol
up to −7.9 kcal/mol are presented in Table 3. In this group, 14 NPs, out of which 2 NPs,
(namely cyclomarazine B and tirandalydigin) produced the lowest binding energies of
−7.9 kcal/mol. The highest binding energies, −7.0 kcal/mol, were shown by salinipy-
rone A and saliniquinone C (see Table S9). Ultimately, Saliniquinone D and homoseon-
gomycin, 2 of the 13 NPs in category 3, had the maximum binding affinities of −8.7 and
−8.5 kcal/mol, respectively, whereas neolymphostinol A, C and saliniquinone B, E were
shown to have a −8.0 kcal/mol affinity for PLpro (refer to Table S10). In the case of the
docking validation experiment for PLpro, inhibitor Y41 achieved a score of −8.9 kcal/mol.
The RMSD value for the superimposed structure was 1.03 Å. The RMSD value was lower
than the threshold of 2.0 Å (see Figure 2B).

3.2.3. Best Residue Interaction Complexes, PLpro

Residues CYS: 111, HIS: 272, and ASP: 286 comprise the standard cysteine protease
catalytic triad in the PLpro active site. With CYS: 111 functioning as a nucleophile in its
commonly recognized thiolate form and ASP: 286 facilitating the de-protonation of base
HIS: 272, PLpro may have catalytic characteristics that align further with other cysteine
proteases [133,134]. The re-docking experiment produced a ligand binding mode that was
remarkably similar to the binding mode of the attached inhibitor. As a result, Figure 2B
illustrates a high resemblance in the residue interactions, highlighting the reliability of the
utilized protocol for PLpro docking. Based on this crucial information, we narrowed down
the pool of docked complexes to six, all of which had the necessary ligand–residue interac-
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tions involving the trio of these amino acids (see Table 4) according to our aforementioned
set criteria. The chosen NPs bound to the PLpro protein are shown in Figure 9 below.

Table 4. Ligands showing desired interactions for PLpro protein.

Top Ligands Residue Interactions

Cycloaspeptide A TRP106 ALA107 ASP108 ASN109 CYS111 TYR112 LEU162 GLY163
TYR264 CYS270 GLY271 HIS272 TYR273 ASP286

Rifamycin B TRP106 ALA107 ASN109 ASN110 CYS111 LEU162 THR265
GLN269 CYS270 GLY271 HIS272 LYS274 ASP286

Salinaphthoquinone B TRP106 ALA107 ASN109 ASN110 CYS111 LEU162 GLY163 CYS270
GLY271 HIS272

Salinilactam TRP106 ASN109 LEU162 THR265 GLY266 CYS270 GLY271 HIS272
LYS274 ASP286

Salinipostin C TRP106 ASN109 ASN110 CYS111 TYR112 LEU162 GLY163 TYR264
THR265 CYS270 GLY271 HIS272 TYR273 LYS274

Sporolide A TRP106 ASN109 CYS111 LEU162 CYS270 GLY271 HIS272
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Figure 9. Depicting the top ligands docked in the active site pocket of PLpro. The active site of the
protein colored by B-factor and ligands are shown in different colors.

Table 4 below lists the interacting amino acids during the formation of the complex
with the PLpro enzyme.

Cycloaspeptide A interacted with CYS: 111 and HIS: 272 by forming a single hydrogen
(2.89 Å) and pi-pi T shaped (4.84 Å), respectively; however, it showed a weak interaction
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with ASP: 286. Rifamycin B interacted with CYS: 111 by making a hydrogen bond (2.21 Å).
In the case of HIS: 272, a pi-pi T-shaped bond (4.34 Å), along with a carbon–hydrogen and
a pi-donor hydrogen bond, was made (3.56 Å). Lastly, ASP: 286 interacted with Vander
Waals forces. Salinaphthoquinone B strongly interacted with CYS: 111 by forming four
bonds, out of which three were alkyl and/or pi-alkyl (4.64 Å, 4.96 Å, and 5.00 Å) and one
was a hydrogen bond (2.18 Å). For HIS: 272, a pi-pi T-shaped bond (4.62 Å) was formed.
Salinilactam interacted only with HIS: 272 and ASP: 286 by making a single pi-alkyl (4.34 Å)
and hydrogen bond (2.57 Å), respectively. Salinipostin C interacted with CYS: 111 by
forming one hydrogen (2.21 Å) and one alkyl bond (4.71 Å), whereas HIS: 272 was linked
with a pi-alkyl bond (4.37 Å). Finally, sporolide A interacted with CYS: 111 and HIS: 272,
forming a hydrogen (2.81 Å) and a pi-alkyl bond (4.34 Å) (see Table 4 and Figure 10).
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3.2.4. Ligand–Residue Non-Covalent Interactions for PLpro Complexes

All the six docked complexes were subjected to non-covalent interaction screening on
the Protein Contact Atlas webserver (refer to Figure 11). The first complex, cycloaspeptide
A, made direct non-covalent interactions with two key residues: HIS: 272 and ASP: 286. The
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carbon and oxygen atoms of cycloaspeptide A formed seven and four connections with HIS:
272, respectively. In the case of ASP: 286, only one atomic connection with carbon atom was
observed. There was no direct non-covalent connection with residue CYS: 111 (see Figure 11A).
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salinipostin C, (F) PLpro-sporolide A. The atomic scale interaction number percentage is represented
by the circumference of the sphere. Residues are colored according to their respective secondary
structures. The atoms of the ligand are displayed as rows in the ligand residue matrices, and the
residues that are in contact with the ligand are displayed as columns. In the matrices, the number of
atomic associations has also been presented. The shades of grey (from light to dark) depend on the
number of atomic contacts made.

The second complex, rifamycin B, formed atomic connections with all three residues of
importance. The carbon atom of rifamycin B formed one connection with residue CYS: 111
and nine connections with HIS: 272, whereas two associations with ASP: 286 were evident.
On the other hand, the oxygen atom formed six contacts with CYS: 111, four contacts with
HIS: 272, and three contacts with ASP: 286 (see Figure 11B).

The third complex, salinaphthoquinone B, formed two connections via the carbon
atom and five contacts via the oxygen atom with residue CYS: 111. In the case of HIS: 272,
five contacts were made by the carbon atom and one association was made by the oxygen
atom. There was no direct non-covalent interaction with ASP: 286 (see Figure 11C).

The fourth complex, salinilactam, associated with HIS: 272 through C13, C28, H1,
H20, C11, C20, C9, and O1 atoms, forming a total of 14 connections. Residue ASP: 286
was contacted non-covalently via C13, H20, and O5 atoms of salinilactam, forming four
associations in total (see Figure 11D).

The fifth complex, salinipostin C, associated by forming 7 connections with CYS: 111
and 14 connections with HIS: 272 via carbon and oxygen atoms (see Figure 11E). Ultimately,
sporolide A formed 2 contacts with CYS: 111 via the hydrogen atom, whereas HIS: 272 was
connected non-covalently with carbon, hydrogen, and oxygen, forming 14 associations in
total (see Figure 11F).

3.2.5. Simulations for PLpro-Ligand Complexes

The simulations were performed at 50, 125, and 500 cycles for all six docked complexes
for two main reasons; one, to trace the residue fluctuation levels with increased simulation
durations over time; two, to compare them to the RMSF plot values from the PLpro Apo-
protein simulation. Residue CYS: 111 had a root mean square fluctuation value of Å = 1.50,
HIS: 272 had a value of Å = 1.66, and ASP: 286 had a value of Å = 0.97 (see Figure 8A). It
can be assumed that a relatively stable protein–ligand conformation is formed when there
is a reduction in the fluctuation scores of the residues (see Figure 12).

First, the three residues of the PLpro-cycloaspeptide A complex at 50 cycles showed
RMSF values ranging from 0.53 to 0.83 Å. Further, at 125 cycles, the RMSF values for all
the three residues dropped slightly. However, at 500 cycles the fluctuation score for CYS:
111 increased to 0.67 Å, whereas the values for HIS: 272 and ASP: 286 showed a further
reduction (see Figure 12A).

Second, the PLpro-rifamycin B complex key residues displayed RMSF scores ranging
from 0.55 to 0.73 Å at 50 cycles. There was a miniscule decline in fluctuations for the
two residues—CYS: 111 (0.46 Å) and ASP: 286 (0.50 Å)—at 125 cycles. Further, at 500 cycles
a downward trend in RMSF values was evident (see Figure 12B).

Third, the catalytic residues of the PLpro-salinaphthoquinone B complex at 50 cycles
presented RMSF scores from 0.57 to 0.72 Å. A slight upward trend in fluctuations was
observed at 125 cycles, followed by a minor decline at 500 cycles (see Figure 12C).

Fourth, the PLpro-salinilactam complex at 50 cycles demonstrated RMSF values of the
three residues to be within 0.62 and 0.90 Å. Further, at 125 cycles, fluctuations reduced for
HIS: 272 and ASP: 286, but an increase in fluctuations was observed in the instance of CYS:
111. At 500 cycles, an overall drop in fluctuations was witnessed (see Figure 12D).

Fifth, the concerned residues in the PLpro-salinipostin C complex showed fluctuations
ranging from 0.55 to 0.75 Å at 50 cycles. There was a sharp rise in the fluctuations at 125 cy-
cles for all the three residues, followed by a slight decline at 500 cycles (see Figure 12E).
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Ultimately, the sixth, PLpro-sporolide A complex at 50 cycles demonstrated fluctuations
from 0.53 Å to 0.74 Å for the three residues. In the case of 125 cycles, the fluctuations showed
a sharp decline, with ASP: 286 being the exception. For the 500 cycle run, a minor rise in
fluctuations occurred but not in the case of ASP: 286 (see Figure 12F).

The RMSF values for the crucial residues stayed well within the range of 0 to 3 Å
for each of the six docked complexes of PLpro. Furthermore, it is essential to note that
the RMSF values for the six complexes showed a substantial reduction when compared



Microbiol. Res. 2023, 14 1932

with the values obtained for the PLpro Apo structure, suggesting the anticipated stable
conformations required for the enzyme inhibition.

In this study, Salinaphthoquinone B emerged as a putative dual inhibitor of the 3CLpro

and PLpro proteins of SARS-CoV-2. Further MD simulations at 1000 cycles were performed
on the two docked complexes (see Figure 13). The RMSF values remained less when
compared to the simulated Apo-protein structures (see Figures 3A and 4A). Moreover, no
residue superceded the threshold value of 3.0 Å.
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3.3. Toxicity Evaluation

ProTox-II and StopTox webservers provided us with the estimation of potential toxicity
resulting from the NPs.

3.3.1. ProTox-II Analysis

We received the predictions based on the resemblance of our query NPs’ functional
group with the experimental data of in vitro and in vivo studies already included in the
database’s contents. Also, the ProTox-II webserver uses an array of 33 models for the
estimation of several toxicity endpoints, as presented below in Table 5.

Table 5. Depicting the ProTox-II results for shortlisted ligands.

ProTox-II Predictions

Top Ligands
Toxicity Values Probability

LD50 (mg/kg) Toxicity Class Hepatotoxicity Carcinogenicity Immunotoxicity Mutagenicity

Bromosalinosporamide 2000 4 Inactive Inactive Inactive Inactive
Cycloaspeptide A 6000 6 Inactive Inactive Active Inactive

Lymphostin 1500 4 Inactive Active Inactive Active
Neolymphostinol B 1000 4 Inactive Inactive Inactive Inactive

Rifamycin B 3000 5 Inactive Inactive Active Inactive
Salinaphthoquinone B 3000 5 Inactive Inactive Inactive Active
Salinaphthoquinone E 1000 4 Inactive Inactive Active Inactive

Salinipostin A 29 2 Inactive Active Active Inactive
Salinipostin C 29 2 Inactive Active Active Inactive

Saliniquinone F 450 4 Inactive Inactive Active Active
Salinosporamide C 225 3 Inactive Inactive Inactive Inactive
Salinosporamide I 2573 5 Inactive Inactive Active Inactive

Salinilactam 1000 4 Inactive Inactive Active Inactive
Sporolide A 620 4 Inactive Inactive Active Inactive

Salinipostins A and C have the potential to cause fatality upon oral exposure as
they belong to class 2 (5 < LD50 ≤ 50). Being a class 3 member (50 < LD50 ≤ 300),
salinosporamide C has the potential to be hazardous when taken orally. Salinilactam,
sporolide A, lymphostin, neolymphostinol B, salinaphthoquinone E, saliniquinone F, and
bromosalinosporamide were among the class 4 members (300 < LD50 ≤ 2000). Although
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they are not toxic, ingesting them might be harmful. Salinosporamide I, salinaphthoquinone
B, and rifamycin B were found in class 5 (2000 < LD50 ≤ 5000); the likelihood of them
being harmful is very low. Finally, a class 6 designation (LD50 > 5000), which denotes a
probability for non-toxicity, was given to cycloaspeptide A.

All 14 NPs were inactive for hepatotoxicity. Only three natural products—lymphostin
and salinipostins A and C—were found to be positively carcinogenic. Except for five NPs,
the majority of them were determined to be active in terms of their propensity to induce
immunotoxicity. Last but not least, merely three NPs—lymphostin, salinaphthoquinone B,
and saliniquinone F—were shown to have mutagenic potential.

3.3.2. StopTox Analysis

The StopTox webserver that implements QSAR models, attempted to provide us with
accurate estimations of the likelihood that the selected candidate molecules would impart
acute toxicity, as shown in Table 6 below.

Table 6. Acute toxicity for NPs.

StopTox Predictions

Top Ligands
Endpoints

Inhalation Oral Dermal Irritation and Corrosion Skin Sensitization

Bromosalinosporamide Non-Toxic Non-Toxic Non-Toxic Eyes Non-Sensitizer
Cycloaspeptide A Non-Toxic Non-Toxic Non-Toxic Eyes Non-Sensitizer

Lymphostin Non-Toxic Non-Toxic Non-Toxic Eyes Non-Sensitizer
Neolymphostinol B Non-Toxic Non-Toxic Non-Toxic Eyes Non-Sensitizer

Rifamycin B Non-Toxic Non-Toxic Non-Toxic Eyes Non-Sensitizer
Salinaphthoquinone B Non-Toxic Non-Toxic Non-Toxic Eyes Non-Sensitizer
Salinaphthoquinone E Non-Toxic Non-Toxic Non-Toxic Eyes Non-Sensitizer

Salinipostin A Non-Toxic Toxic Toxic Skin Sensitizer
Salinipostin C Non-Toxic Toxic Toxic Skin Sensitizer

Saliniquinone F Non-Toxic Non-Toxic Toxic Negative Sensitizer
Salinosporamide C Non-Toxic Toxic Non-Toxic Eyes Non-Sensitizer
Salinosporamide I Non-Toxic Non-Toxic Non-Toxic Eyes Non-Sensitizer

Salinilactam Non-Toxic Non-Toxic Non-Toxic Eyes Non-Sensitizer
Sporolide A Non-Toxic Non-Toxic Toxic Negative Non-Sensitizer

All 14 NPs are probably non-toxic when inhaled. However, acute oral toxicity from
salinosporamide C and salinipostins A and C are possible. For saliniquinone F, sporolide
A, and once more for the two salinipostins, dermal toxicity was suggested. Only two NPs,
sporolide A and saliniquinone F, were shown to not influence skin corrosion or eye dis-
comfort. Other NPs, however, have the potential to irritate or corrode either the skin or
eyes. Except for saliniquinone F and the two salinipostins, most NPs may not provoke
skin sensitivity.

3.4. Drug-Likeness Evaluation
3.4.1. Pfizer’s/Lipinski’s Rule of Five

The above-mentioned NPs’ drug-like qualities were assessed using Pfizer’s/Lipinski’s
rule of five (Ro5) concept. Both cycloaspeptide A and sporolide A violated the first criteria
by going beyond the molecular weight threshold of 500 g/mol. Rifamycin B and sporolide
A both violated the second criterion since they had more than ten hydrogen bond acceptors.
Rifamycin B also breaks the third rule by having a sixth hydrogen bond donor. The
two salinipostins further violate the fourth rule by going beyond the allowed consensus
log p value. Salinipostin A and C also failed to pass the additional parameter, such as
the number of rotatable bonds, by surpassing the maximum limit. In addition, the TPSA
parameter was not passed by cycloaspeptide A, rifamycin B, or sporolide A (see Table 7).
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Table 7. Drug-likeness properties of NPs.

Drug-Likeness Indications

Top Ligands
Mol. Weight

(g/mol)
MW ≤ 500

Rotatable
Bonds RB ≤ 10

H Bond
Acceptors
HBA ≤ 10

H Bond
Donors

HBD ≤ 5
C Log p

Log p ≤ 5
TPSA (Å2)
≤ 140

Bromosalinosporamide 358.23 4 4 2 1.86 75.63
Cycloaspeptide A 641.76 6 6 4 2.7 148.15

Lymphostin 310.31 4 5 2 1.36 110.43
Neolymphostinol B 312.32 6 5 4 0.95 118.93

Rifamycin B 755.8 6 14 6 2.93 227.61
Salinaphthoquinone B 325.32 1 5 2 1.97 110.6
Salinaphthoquinone E 441.47 3 7 2 2.09 132.99

Salinipostin A 472.59 18 6 0 6.65 80.87
Salinipostin C 444.54 16 6 0 5.95 80.87

Saliniquinone F 390.39 3 6 2 3.13 104.81
Salinosporamide C 283.75 2 3 1 1.2 57.61
Salinosporamide I 327.8 5 4 2 2.05 75.63

Salinilactam 469.61 0 5 5 2.49 110.02
Sporolide A 538.89 1 12 5 −1 184.74

3.4.2. Swiss-ADME

Ten of the fourteen NPs were shown to be readily and moderately soluble in water,
whereas four NPs were discovered to be poorly soluble. The lowest bioavailability scores
were achieved by sporolide A and rifamycin B, with cycloaspeptide A coming in second
at 0.17. Five of the fourteen NPs, including cycloaspeptide A, rifamycin B, salinipostin A,
C, and sporolide A, had minimal GI absorption. All NPs with an absorption percentage
(AB% > 50%) indicated high oral bioavailability, distribution, and circulation. The score for
salinosporamide I was the highest at 89.90%, whereas sporolide A was the lowest at 45.26%
(see Table 8).

Table 8. Swiss-ADME results for NPs.

Swiss-ADME Output

Top Ligands Water Solubility Bioavailability GI Absorption Absorption (AB%) BBB Permeant

Bromosalinosporamide Soluble 0.55 High 82.90 No
Cycloaspeptide A Poor 0.17 Low 57.88 No

Lymphostin Moderate 0.56 High 70.90 No
Neolymphostinol B Moderate 0.55 High 67.96 No

Rifamycin B Moderate 0.11 Low 30.47 No
Salinaphthoquinone B Moderate 0.55 High 70.84 No
Salinaphthoquinone E Soluble 0.55 High 63.11 No

Salinipostin A Poor 0.56 Low 81.09 No
Salinipostin C Poor 0.56 Low 81.09 No

Saliniquinone F Poor 0.55 High 72.84 No
Salinosporamide C Soluble 0.55 High 89.12 Yes
Salinosporamide I Soluble 0.55 High 82.90 No

Salinilactam Soluble 0.55 High 71.04 No
Sporolide A Soluble 0.11 Low 45.26 No

Four of the fourteen NPs—cycloaspeptide A, salinipostin A, salinipostin C, and
sporolide A—cannot be passively absorbed by the GI tract. The blood–brain barrier can be
passively crossed by salinosporamide C (see Figure 14).
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3.5. Probable Bioactivities

We were able to study the prospects of candidate NPs thanks to the PASSonline tool, a
website that forecasts the likely bioactivities of molecules. The detailed outcome can be
found in Table S11 mentioned in the supplemental information.

The bioactivity predictions indicated that the majority of the NPs used in this investi-
gation may have antiviral properties. COVID-19-associated fungal infections, especially
mucormycosis (CAM), may potentially be addressed, since these NPs have the propensity
to be antifungals and antifungal enhancers. Due to this property, these NPs have the
capability of inhibiting enzymes such as histidine kinase, fungal lipase, rhizopuspepsin,
and alpha and beta glucuronidase, which were previously explored as possible therapeutic
targets for mitigating mucormycosis [135]. Additionally, potential bioactivity toward the
immune system was revealed by all fourteen NPs. By promoting the macrophage colony,
interleukin receptors, NF kappa B transcription, and cytokine release, they may strengthen
the immune system. On the other hand, these NPs also have immunosuppressive prop-
erties that might suppress the cytokine storm by competing with the C-C chemokine 2B,
toll-like, and interleukin receptors. Moreover, they could potentially inhibit T cells, Janus
kinase enzyme 2, cytokine, and histamine release. Antifungal, anticancer, antioxidant,
antineoplastic alkaloids, antibiotic, antibacterial, antiparasitic, and antidiabetic properties
were additional significant bioactivities to consider. Breathing difficulties in SARS-CoV-2
patients may be alleviated because of anti-infective, anti-asthmatic, respiratory analeptic,
expectorant, and respiratory disease-treating properties of a few NPs.

4. Conclusions

Millions of individuals have died as a result of the COVID-19 outbreak [136], but the
threat it still poses to human health necessitates the discovery of new drug-like molecules. It
should be mentioned that in silico assessments could be a very fast method to evaluate other
natural compounds with well-known antiviral activity, such as coumarins [137], peptides,
and saccharides [138], for the need of COVID-19 therapeutics. The purpose of this study
was to shed light on the Salinispora genus’s untapped antiviral potential, as it is typically
primarily seen as a source of antibacterial substances. Under laboratory settings, these
bacteria may be grown for bioactive substances, requiring less space, labor, and reasonable
material expenses. In this paper, we proposed the idea of the repositioning of Salinispora
natural products as potential inhibitors of SARS-CoV-2 3CLpro and PLpro enzymes.
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To conclude, the docking investigations initially identified 35 NPs with strong affinities
for both 3CLpro and PLpro scores ranging from −8.0 kcal/mol to −9.0 kcal/mol. Nine
NPs screened based on binding residue studies criteria showed strong interactions with
3CLpros HIS: 41 and CYS: 145. Additionally, in the case of PLpro, 6 NPs were revealed
out of 125 complexes that interacted desirably with CYS: 111, HIS: 272, and ASP: 286.
The ligand–residue interaction investigations on the Protein Contact Atlas webserver
additionally demonstrated that all of the catalytic amino acids were indeed forming non-
covalent associations with all shortlisted molecules. Moreover, resulting from the MD
simulations, all complexes were shown to be stable at 50, 125, and 500 cycles. Among the
final shortlisted NPs, salinaphthoquinone B was a common natural product that showed
highly desirable amino acid interactions with all catalytic residues for both 3CLpro and
PLpro enzymes, and the complexes remained stable even at a 1000 cycle simulation run.
Although detailed pharmacokinetic studies should be completed, our results have revealed
a potential candidate, one more time highlighting in silico assessment as a good addition
or inexpensive alternative to high throughput screening. We are suggesting further in vitro
and/or in vivo studies to confirm the antiviral activities of our recommended natural
products from the marine actinomycete genus Salinispora.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/microbiolres14040130/s1, Table S1: List of natural products from
genus salinispora involved in this work; Table S2: Canonical SMILES for selected natural products;
Table S3: 3CL pro docking results and residue interactions category 1; Table S4: 3CL pro docking results
and residue interaction category 2 (lower-moderate values); Table S5: 3CLpro docking results and
residue interaction category 2 (upper-moderate values); Table S6: 3CLpro docking results and residue
interactions category 3; Table S7: PLpro docking results and residue interactions category 1; Table
S8: PLpro docking results and residue interactions category 2 (lower-moderate values); Table S9:
PLpro docking results and residue interactions category 2 (upper-moderate values); Table S10: PLpro

docking results and residue interactions category 3; Table S11: Predicted biological activities for
candidate NPs.
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Abbreviations

Abbreviation Full Name
MNPs Marine natural products
NPs Natural products
COVID-19 Coronavirus disease of 2019
SARS-CoV-2 Severe acute respiratory syndrome coronavirus 2
FDA Food and drug administration
RCSB PDB Research Collaboratory for Structural Bioinformatics Protein Data Bank
PDB Protein Data Bank
PDBQT Protein Data Bank with partial charge Q and atom type T
SDF Structure data file
MGL Molecular Graphics Laboratory
3CLpro 3C-like protease
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Mpro Main protease
PLpro Papain-like protease
HETATM Hetero atom
RMSF Root mean square fluctuation
RMSD Root mean square deviation
GI Gastrointestinal
TPSA Topological polar surface area
ADME Absorption, distribution, metabolism, excretion
SMILES Simplified molecular-input line-entry system
QSAR Quantitative structure–activity relationship
VdW Van der Waals
PyMOL Proprietary molecular visualization system
PASS Prediction of activity spectra for substances
CAM COVID-19-associated mucormycosis
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